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THE ORIGIN OF AERODYNAMIC INSTABl?XTY OF SUPERSONIC

INLETS AT SUECRITICAL CONDITIONS

By Antonio Ferri and Louis M. Nucci

SUMMARY

The phenomenon of the stsrting of aerodynamic instability or “buzz”
in supersonic inlets having externsl compression has been investigated.
The stsrting of the buzz has be& related to the existence in the flow
field of a velocity discontinuity across a vortex sheet which originates
at a shock intersection. It has been confirmed by tests of a number of
inlet configurations that the buzz starts when this vortex sheet is at
the lip of the cowling. An analysis of the flow for this condition
showed that separation will occur on the inner surface of the cow15ng
with consequent choking in the subsonic diffuser..

When the flow on the central body is unseparated, the vortex sheet
s moves from outside the cowling inwsrd as the entering flow is reduced,

smd the fluctuations start when the sheet enters the inlet. When the
flow separates from the central body, a lambda shock forms and gives
rise to another vortex sheet inside the inlet. In this case the sheet
moves outward as the flow is reduced, snd fluctuations stsrt when it
approaches the inner surfac-eof the cowling.

Performance data for the inlets are presented for a range of Mach
number up to 2.7, end it is shown that freedom from buzz can be obtained
for inlet designs suitable for application to aircraft.

mODUCTION

The ma~ority of inlets now proposed ”forsupersonic rsm-jet and
turbojet airplanes and missiles have all or a l.srgepsxt of the super-
sonic compression occurring outside the inlet, so that the Mach numbe~
at the entrance of the inlet has a low-supersonic value close to 1. Inu
this way, the limitations due to the starting problem ere el~nated,
=d high pressure recovery can be obtained. Extensive experimental data

. at the design condition are available for inlets of this type.

}
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In practical problems, the inlet is designed fur-the cruising
speed of the airplane or missile, which often is near to, or is, the
msximum speed of the vehicle, but for lower flight speeds it is required
that the inlet be able to operate at a rate of entering volume flow
usually less than the maximum entering volume flow permitted by the
inlet. Now, in many of the inlets having external compression it has
been found that, when a reduction of volume flow is attempted, a phenom-
enon of aeroec imitability that has been termed “buzz” occurs which
causes the inlet to operate inefficiently.

The buzz consists of an oscillatory phenomenon of the stream
entering the Wet which produces”pulsationsof the static and total
pressure, of the entering volume flow, of the shock-wave pattern at the
entrance of the inlet, and, therefore, of the aerodynamic forces on the
inlet. Because of the lsrge smplitude of these fluctuations, operation
of the inlet is not feasible in the vibrating phase.

The phenomenon of buzz was first encountered by O&atitsch (refer-
ence 1). The inlets were tested in a Mach n@errqnge between 2.5 end”
3.0, and in all cases nonregulation of volume flow was possible due to
the presence of buzz, Inlets designed with external compression were
also tested at the Lsmgley Aeronautical.Laboratory (reference 2). These
inlets were designed for a lower Mach nuniberrange without internal com-
pression, and no buzz phenomena were encountered until a large reduction
of volume flow was obtained. However, regulation of volume flow was
attempted only at Mach numbers lower than the design Mach numbers, so
that the conicsl shock from the central body was aheqdof the cowling
lip.

Simil@r tests performed later in the sank Mach number range (refer-
ence 3) showed the presence of buzz when the reduction in volume flow
was relat~vely smell, apparently contradicting the test results obtained
in reference 2. However, the regulation of volume flow attempted in
reference 3 was at the design condition.

.

.-

.

—
Later, the tests of reference 2 were extended to hi-gherMach numbers

(reference 4). Here, when regulation of mass flow was attempted, the
buzz pheqomena were encountered in all the tests performed. All the
inlets tested had small central-body cone angles, snd when subcritical
conditions were tested (reduced vol& flow)-
central body was found. The vibrations were
the upstream travel of the separation on the
as the volume flow was reduced. However, no
relation between the separation and the buzz

a flow separation oh the .
considered to be related to”--
surface of the central body
clear explanation of the
w- advanced s,tthat time. ““

Many other tests performed later by different investigators have
*

confirmed the presence in memy cases of the fluctuation phenomena; how-
ever, no satisfactory explanation of the starting of buzz has been given, .

4.



NACA RM L~OK30
a

Because of the importance of
a process involved, the origin

been considered in detail at

3

the problem, snd h order to clsrify the
of these Y1OW fluctuations has recently
the Langley Aeronautical Laboratory. A

physical explanation has been found &d-is presented in this paper.
Several tests performed to check expertientally the soundness of the
@ysicsl explanation sre also discussed. The requirements for flow
stability have been established and experimental data necesssry for the
design of a number of supersonic inlets capable of subcritical operation
without buzz sxe presented in this paper.

The present results agree with those presented in reference 2 snd
show that, in practical applications, stable flow conditions can be
obtained at Mach numbers lower than the design Mach nuniberwhere flow
regulation is needed.

SYMBOLS

=ea of stream tube entering inlet at free-stresm conditions

cowling-entrance area

minimum sxea of exhaust nozzle

cross sections of stream tubes before and after diffusion in
figure 5

free-stresm Mach number

Mach number just behind conicsl shock (fig. 4)

Mach nuniberat

Mach number at

Mach number of

Mach number of

point A for high-velocity stresm (fig. 4)

point A for low-velocity stream (fig. 4)

low-velocity stream sfter diffusion (fig. 5)

high-velocity stresmsfter diffusion (fig. 5)

static-pressures over cross sections Sa, ~ of diffuser
before and sfter diffusion (fig. 5)

total pressure of free stresm

total pressure at condition M3

total pressure at condition M4

~u.

.
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total pressure inside inlet after diffusion (at survey plane,
—;

see fig. 6) .

fuel-air ratio referred to the stoichiometricmixture ccmre-
Spondi.ngto r=l

cross section of diffuser be~ore ~d sfter ~ftusion (fig. 5;”- “ ‘- “

velocity at entrance of burner or-compressor

angle of attack

semiapex cone angle of central body, slso

cowling-position parmeter (angle between
line to cowling lip from apex of cone)

ANALYSIS OF THE PROBLEM

Vsriation of Entering Volume Flow

,“:
called cone angle

axis of inlet and a

.
with

Mach Number and Engine Requirements

.-
. ---.

In order to appreciate the problem and the significance of the
results obtained, it seems appropriate here to review -brieflythe rea-
sons why a regulation of entering.volume flow is required at flight

.3

speeds lower than the design value and to establish roughly the range of
imlume-flow regulation required as a function of Mach number.

Let us consider a rem-jet or turbojet engine. The volume of air
entering the en&ine is a function of the engine configuration and oper-
ating conditions as well as of the free-stresm Mach nuniber. In the case
of an engine having a vsriable-minim.um-srea.e.xhaustnozzle, the volume
flow is determined by the consideration that the velocity in front of
the burner”or of the axial-flow compressor is held constant if the burner
or compressor is operated at the design @int. The minimum srea of the
nozzle must then be increased when the flight Mach number decreases.
However, especially in rsm jets, the exhaust nozzle usually has fixed
geometry. In this case, the Mach number after combustio-nis constant, “
and for a given fuel-air ratio end combustion efficiency the speed in
front of the burner varies approximately as the square root of the
stagnation temperature of the entering stresm. The required v&iati.on
of
is

entering volume flow as a
quite different.

I

function of Mach number for the two cases P

.
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In figure 1, examples are presented of the variation of the area
● of the entering-free-stream tube with free-stresm Mach number for the

condition Of COTIStaIltVelOCity Ve at the entrance of the burner or
compressor and for the condition of constant-geometry exhaust nozzle
(~ constmt). In both cases the pressure recovery has been assumed
to be the maximum for the Mach number and configuration considered and

Pf
~=092at Mvaries from —=0.7 at M=3.O to

P. P. “
= 1.5.

In the exemple presented, design Mach numbers equal to 2 and 3 have
been assumed. The velocity in front of the burner for the design condi-
tions, Ve, has been chosen equal to 260 feet per second. (Other values
of Ve varying from 160 to 360 ft/sec were also used, and no appreciable
change of the constsmt-velocity curve was found.) The calculations were
made for en sltitude where the temperature becomes constant with height.
For the case of the engine with a constsnt-geometry exhaust nozzle,
additional assumptions me required. The fuel-air ratio was chosen
equal to 30 smd ~ percent of the stoichiometric vslue (r = 0.3 w
r= 0.5) and the combustion efficiency was taken as 100 percent. It
can be seen that, for the condition of fixed-nozzle geometry, a much -
lsrger regulation of volume flow is required at Mach numbers lower than
the design Mach number.

. For comparison, the variation of the maximum possible entering
volume flow as a function of Mach number for inlets designed for M = 2
and M = 3 is also presented in figure 1. This maximum occurs for

P supersonic flow at the entrance. The Wets considered have 25° and
30° conicsl central bodies. The caupsxison shows that while the curve
of entering volume flow for constant Ve is closer to the curve of the
maximum volume possible for the inlets and in this exsmple coincides
with the curve of the 30° cone designed for M = 2, a lsrge regulation
of entering volume flow with respect to the maximum possible may be
required, especially for the case of constsnt minimum nozzle srea &,
if the inlet is to operate at the condition of msximum pressure recovery.

These data sre only illustrative, but they show the need for
regulating the entering volume flow for vehicles having fixed-geometry
exhaust nozzles such as sre presently used to a great extent.

A possible scheme for avoiding subcritical operation i5 to design
the inlet for a speed well below the msxhum flight speed. Between
these two speeds the inlet will operate with supersonic entrance flow
and a strong shock in the subsonic diffuser. In figure 1 the variation
of entering volume flow obtainable with this type of operation is shown

7 by the dashed curve. The inlet was proportioned for maximum pressure
recovery at M = 2.0 assuming the seinevolume-flow requirements as for .
the constant-mea exhaust nozzle case. The resulting entrsnce area

s

#
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was 55 percent of that of the inlet designe.d”for M = _3.O. At M = 3.0,
therefore, this inlet has only 55 percent of the entering flow volume .

of the larger inlet. The pressure recovery at M = 3.0 must be less
.

than that of the larger i~et in proportion~o the ratio of entering
volume flows in order to obtain the ssme velocity in front of the burner
or compressor. These losses in both mass flow and pressure recovery
combine to make this method of obtaining flow regulation inefficient.

From this stiple analysis it appears that regulation of the volume

—

flow is necesssry for etficient operation over a range of flight speeds.
In the case of missiles, such regulation is especially important because
of the desirability of producing thrust at the lowest @ssible speed in
order to simplify the launching problem. “

—

Flow Phenomena Associated with Throttling ___

o’fa Supersonic Inlet
T

In order to discuss the problems related to the regulation of
entering volume flow in supersonic inlets, consider for simplicity an
inlet having a central body with a conical tip and a cowling of circular
cross section. Assume that the cone angle is.sufficiently small -d
that the lip of the cowling is thin and sharp and approximately aJined
with the local.flow direction so that the flow at the entrance of the
inlet can be supersonic for conveniently low values of the back pressure.
For this condition, a trmsition from supersonic to subsonic flow occurs
inside the inlet with a strong shock (fig. 2(a)) and the diameter of the
entering stresm tube for a given flight Mach number and angle of attack
is ftied by the geometry of the inlet and is the msximum possible for
the Mach number considered.

A decrease in back pressure (or increase of throttling area Am)
moves the strong shock downstream tithout changing the entering volume
flow; while if the throttling srea & is decreased, the strong shock
moves upstresm until it reaches the entrance of the cowling + and
then moves outside the cowling (fig. 2(b)). For this condition some
spillage occurs around the cowling, and the entering stream tube decreases
with respect to the maximum. When the velocity at the entrance of the
cowling and everywhere inside the diffuser is subsonic,‘thisflow con-
“figurationis ususlly called “subcritical.”in opposition to the “super-
critical” configuration which defines the condition of maximum entering
VOIUme flow and requires the existence of a supersonic region inside
the diffuser.

Although for supercritical conditions the flow in front of the
inlet is stable, in many cases when subcritical conditions are reached,
a buzz phenomenon is encountered and a fluctuation of the stream entering

.
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the inlet occurs. The fluctuation phenomenon as observed experimentally
.

appesrs to occur essentially in the following way, as illustrated by a
section of motion-picture film in figure 3: A pressure disturbance
coming from inside the inlet pushes the strong shock upstream along the
cone (frames 1 to 4), decreasing the entering volume flow by a lerge
szuount;the shock then moves back to a position near the lip of the
cowling for which the entering volume flow is lsrger than the volume
flow before the fluctuation ~gsn (frsmes 4 to 11). Then the shock
again moves gradually upstresm (frsmes 12 to 18) until the position (1)
is reached which was mentioned at the beginning of the description. The
process is then repeated cyclically. The exact behavior of the fluctua-
tion phenomena depends on many different psxsmeters, such as the external
configuration of the inlet, subsonic diffuser, and the throttling system,
and, therefore, can be easily changed in tests by sltering the experi-
mental appsratus. In the exsmple -presentedin figure 3, the frequency
of the fluctuations, which is also a function of the parameters just
listed, was reduced to a low vslue by attaching a long pipe to the inlet
so that motion pictures of’the fluctuation could easily be taken. The
motion picture was taken at 64 frames per second.

From the tests reported in references 1 to 4, it appesrs that
stable subcritical conditions were obtained only for very small entering-
flow reductions when sepezation was present on the centrsl body, while a

. lsrger reduction of entering volume flow without buzz was measured for
some configurations when separation on the central body could be avoided.
Therefore, tests over a wide rsnge of Mach nunibersof inlets without

P, separation were made in order to find the parameters involved with the
onset of the buzz.

The tests were conducted on a number of central bodies and cowlings
for vsrious cowling-position psmmeters. The experimental results of the
tests sre presented and snslyzed in the section of this paper entitled
“Result& and Discussion;” however, the essentisl findings can be stated
as follows:

1. Some stable volume-flow regulation was possible In the Mach
number range investigated (1.9 to 2.7) if separation was avoided on the
surface of the cone.

2. The smount of stable volume-flow regulation possible for a given
central-body-cowling.combination at a given Mach number was a function
of the cowling-position psrsmeter and was a minimum (zero) when the
conical shock was at the lip of the cowling. The pssible volume-flow
regulation increased as 67 decreased, that is, as the conical shock
becsme fsrther removed from the cowling lip..

3. The relative size of the central body and the shape of the

* internal diffuser were not ~rt=t peraneters in the starting of
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fluctuations, as the buzz stsrted at the ssme value ofthe entering
volume flow, being independent of the internal configuration, if the
externs3 configuration did not change.

.

4. The buzz pl&omenon started ab~ptly, and not gradu~y, as
would occur for a resonauce phenomenon, and the stsrting of the buzz
was independent of the means by which the system was t&ttled.

5. For some inlet configurations, stable flow conditions were
obtained even when the pres$ure recovery decreased as the volume flow
was reduced.

From the preceding observations, the conclusion was reached that
some abrupt chkznge”ofthe flow phenomenon in front of the @let must act
as a trigger for the buzz. The existence of such a change can be illus-
trated in the following manner: Consider, for example; an Inlet having
a central body with a 30° semiapex-cone angle at a free-stream Mach num-
ber of 1.9 as shown in figure 4. The flow behind the conical shock is
supersonic with a Mach number of 2.30. For-subcritical inlet-flow con-
ditions a strong shock wave exists ahead of the entrauce. From the
intersection of the conical shock with the strong shock (point A in
the following discussion) a vnrtex sheet originates, across which the
static pressure is constant. However, across this discontinuity,“dif-.
ferences of entropy’,velocity, and, therefore, totsl pressure exist.
For the flow condition shown In figure 4, the discontinuity is outside
the inlet and, therefore, does not affect the flow entering the inlet.
However, when the entering volume flow is reduced, the discontinuity
moves closer to the lip of the cowling; that is, the point A“ moves
slang the conical shock wave until the vortex sheet reaches the lip of
the cowling.

--

.. .—

0.

When the vortex sheet enters the cowling, the internal flow changes
abruptly inside the fnl.et. The vortex sheet on the inside tiface of
the cowling represents an infinitesimal layer of flow having a much
smaller stagnation pressure. Because of the presence of this thin layer,
separation can be expected to occur in a region of high average velocity
and tends to choke the inlet, as illustrated in the following example:
Consider “asubsonic diffuser in which a stresm consisting of two layers”
of flow having different values of entropy exists (fig. 5). The line AB
corresponds to a discontinuity of velocity or a wrtex sheet; however,
the static pressure across the vortex sheet does not change. Let Sa
and Sb correspond to areas of the two end sections”of the stresm tube
under consideration. Assume that M3 i“sequal to 0.83,.as for the
inlet with a 30° cone shown In figure 4 at a free-stresm Mach number
of 1.9, and M4 is equsl to 0.63. Assume that the relations between M?
end J% and between M4 snd

As a first case, let al = O

~ are given by one-dimensional theory.
d .

Sb
and M6 = 0.52j then ~ = 1.27, ~d the

a ?

c$9NFDENZJ@&
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. static-pressure
%

ratio — =
Pa

1.31. As a second case, let al = a2 = &a;

for the same ratio S#3a, since the pressure over the area Sb must be
constant’,it is found-th&t ~ = 0.38 and F% = 0.65, while the pres-
sure ratio becomes I-.18. As a third case, let ~ = O; then for the.

%
ssme ratio Sb/Sal MS = O.~ smd ~ = 1.14.

a—

(SaTherefore, for a given diffuser — = Constants~ ‘)
, the Mach num-

ber Mz decreases if al decreases w~le the pressure pb Increases.
Now, w en the vortex sheet tends to go inside, the value of al is
Winitesimal and bl = O; therefore, the conditions are the ssme as

%
for al = O as in the exsnple considered. k this case, for — = 1.31,

Pa

Ma becomes zero and separationoccurs at a station of the diffuser where
the average Mach number is high (M6 = 0.52j. Since the separation in
an actual diffuser occurs on the cowling $urface, it causes a large
reduction of effective srea. Because this srea is nesr the criticsl
value (srea for M = 1) the reduction chokes the inlet, producing a
strong wave which moves upstresm and st=ts the fluctuations.

.
When the wave moves upstream, the strong shock moves toward the

apex of the cone, causing a decrease in entering volume flow, which
-“ decreases the back pressure, sm.d,therefore, the shock moves back towsrd

the cowling, passing the position for steady operatioriand causing the
vortex sheet to move outside, after which the process repeats periodi-
Ctiy and buzz OCCIXS,. If the ex@anation given is correct, the minimum
stable volume flow must occur for the condition when the vortex sheet
reaches the cowling.

h the following table are given some of the results of analysis
for inlets having semiapex cone -es of 25°, 30°, 35°, and 40° at free-
stresm Mach numbers of 1.9, 2.46, end 2.7. b the table, Ml is the
free-stream Mach number, M2 is the Mach number behind the conical shock,
M3 is the Mach number near the Pd_nt A (fig. 4) in the high-velocity
stream, end M4 is the Mach mumber near A in the low-velocity stresm.
The vslues of Ms and M4 have been calculated from Ml and ~ from
the consideration that across the streamline through A a finite varia-
tion of entropy and velocity occurs, but total energy, static ~essure,
and stream direction do not change. The value of M6 given in the table
corresponds to the ‘Machnumber of_the high-velocity streem for the con-

. dition of zero velocity (M5 = O) in the low-velocity stresm for the
same static pressure,
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F
Cone sagle

(deg)

25

30

35

40

Ml
I

%?

{11.90’ 1.46
2.46 1.83
2.70 2.00

{11.90 1.00
2.46 1.20
2.70 1.30

M3 M4 %5

0.82 0.60” 0.54
1.02 ●53 .&
1.16 .50 1.02

.83 .63 .52
1.01 .53 .84
1,10 .50 .96

,94 .89 .28
● 97 .56 ,74

1.08
● 53 .91

----

.92 ‘:2; ‘Z
● 95 .51 .78

.
.

As is shown in the table, for the cases when M2 is somewhat larger
than 1, separation of the low~velocity strem can be expected in a zone
where the “+elocityof the high-velocity stre&m is high, ad, therefore,
choking effects can be expected if the low-velocity stream tube is small.

,

When the stresm Mach number MI decreases or the sngle of the cone
..

increases, M2 decreases and the magnitude of”the discontinuity across K
the vortex sheet from A decreases or disappe~s (M2.< 1). fithis
case, MK becomes small (see, for example, 35° cone at’-M = 1.90) and
the sep~-ation cannot

tion
In the following
are discussed.

produce-choking .&d ortginate the buzz.

sections, tests cond.ugte”dto verify this explana- -.

APPARATUS A.NDTESTS

Tests were perfo~d in one of the blowdown jets of the Langley Gas
_fCS Br~ChUs~glOw-htidity air from ltige~ pressurized t&&.
Closed test sections approximately 3 inches by 5 inches for M = 2.7 and
4 inches by5 inches for M = 2.4.6 were used. For M =1.9 em open
test section 4 inches by 5 inches was used.

A typicsl model arrangement is shown in figime 6. Thtiinlet model a
configuration was altered by changing the cowiing, centr—~ body, and

-.

relative position of the central body (cowling-positionpsxsmeter) with
respect to the cowling. The different cowling and centr61-.bodyshapes ?.

~-w.

.
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used in the tests are shown
. internal.coordinates of the

to the inlet configurations

11

in figures 7 and 8,respectively. The
cowlings sre given in table I. In referring
the cowlings will be distinguished by the

letters of figure ~, while the centrsl bodies will be distinguished by
two numbers, the first corresponding to the semiapex cone sngle and the
second to the maximum diameter in inches.

-ing each test, spark shadowgraphs md sh+ow motion Pictures
were tsken. The inlet entering mass flow was measured by a calibrated
orifice. The pressure recovery, which was measured by mesns of two
rskes, located as shown in figure 6, was obtained from a mass-flow-
weighted average as discussed in reference 4.

The motion pictures were taken with a 16-miUimeter csmera. The
camera was focused on a piece of gromd glass On w~ch the shadow -e
of the shock-wave phenomena appesred. The intensity of the available
light source limited the film speed to 64 fraues per second. In order
to obtain enough details for the anslysis frcnnthe relatively slow film
speed, the frequency of the fluctuations was reduced by insertiu a long
pipe between the throttling valve and the inlet model. Some models were
tested with pipes of different lengths and diameters. All the models
tested had a maxhum diameter of approximately 1.8 inches, and the
corresponding test Reynolds numbers referred to the maximum diemeter

. varied between 3.5 x 106 and 4.3 X 106.

b all the experimental data, e~ertiental errors exist which we
R difficult to evaluate.

Precise determination of the throttle setting for minimum stable
entering volume flow depends on the rapidity of the variation of throttle
position. In all tests the inlet was throttled slowly by means of a
manuslly operated valve.

The entering volume flow was meas~ed by a calibrated orifice. The
error expected in this measurement is about 2 percent.

The most difficult psrsn@er to determine was the cowling-position
psnmneter. This vslue has been determined optically from a “no flow”
shadowgraph of the inlet configuration by extending the ou’tlinesof the
cone to ‘thepoint of intersection, thus establishing the location of the
apex and the corresponding vslue of the cowling-position psrameter. The
errors expected in this parameter are approximately 20 to 30 minutes.
The same precision was obtained for central-body cone angles.

The pressure recovery is accurate within 1 percent.
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RESULTS AND DISCUSSION .-,
.

Inlets without Separation on the Central Body
.- ;

The proposed explanation for the .start~ of the fluctuations was
verified by ‘dl the tests performed. Some tjptcal redlts obtained for
inlets without sep~ation on the central body are discussed in this
section.

—
In figures 9 to 1~, data are presentedon inlet co”ifigurations “-“~

tested at Mach numbers of 1.9, 2.46, and 2.7, for which regulation of
volume flow was performed.

I.nf@ure9areshownsh adow&aphsat .free-stre~Mac hn~ber “---
of 1.’90of an inlet having the 30 -1.10 central body located at em angle
ez = 43°5h’ with respect to cowling D for~khree vd.ues of entering
volume flow. The “no flow” shadowgrayh .isalso showr.for comparison.
The last shadowgraph (fig. 9(d)) correspbndsto the condition of minimum
entering yolume flow with stableconditions. ,From figure 9(c) the strong
curvature of the vortex sheet in front of the cowling lip can be seen,
together with the formation of a strong zone of expansion on the outside
surface of the Cowling$ Both phenomena tend to MS.kethe determination.. _.
of the condition when the vortex sh&et iS at “thelip of the cowling dif-
ficult; therefore for all tests this position was checked by measuring
optically the diameter of the entering-free-streamtube defined by the
vortex sheet for the condition of minimum stable niassflow and compsring
this value with the diszaete.rof the free-stream tube determined by the
flovmeter. In figure 10, shadowgraphs ~e presented of_e.ninlet hating
a 30°-0.907 central body and cowling D for the condition of minhnuu
stable entering volume flow at each of the values of the cowling-position ~
parsmeter shown. In all cases the fluctuations started when the vortex
sheet reached the lip of the cowling, as indicated from the shadowgraphs
and from the measmements described .previously.

These configurations correspond to those analyzed “inthe previous
exsmple in which it was shown that separation must.occur at a station in
the subsonic diffuser where M = 0.52 or hi~er as soon as the vortex
sheet enters.

In figure 11 other inlets having different central-~bodies,subsonic
-.

diffusers, and cowling shapes me shown. For these inlets the cowling-
position parameter was about the ssme. The phenomena ‘weresimilar for
all “configurationstested. .Ifthe vslue”of the minimumvolume-flow ratio ..__
for steady conditions is plotted as a function of the cowling-position
parsmeter, it is found that for a given cone angle and Mach number the’
value of the volume flow before pulsations is constant and independent
of the shape of the cowling or of the size of the internal body and is,
therefore, only a function of the external configuration.

w~
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Results of tests made at Mach numbers of 2.46 and 2.70 sxe shown
. in figures 12 and 13, respectively. The cone angles tie 35° for a Mach

number of 2.46 and ko” for a Mach number of 2.70. The shadowgraphs
presented show the condition of minimum stable entering flow. For these
cone snglesy the table presented previously indicates separation at a
station where the average Mach number is of the order of 0.75, when the
vortex sheet entered the cowling.- The tests confirmed that this was the
last stable position of the vortex.sheet.

In figure 14 two sections of motion-picture film showing the
starting of the fluctuation in an inlet having 30°-1.10 central body and
cowling B for 13z= 42° at M = 1.90 are shown. The inlet cor&igura-
tion was identicsl in both tests; however, the throttling system was
different. In the tests corresponding to figure lb(a), a l-foot-long
pipe of 2-inch inside diameter was inserted between the hand valve and
the flange at the end of the model (fig. 6). “ti the tests corresponding
to figure lk(b), a 25-foot-long pipe of k-inch inside dismeter was
inserted between the hand valve and the model. The pipe was attached
to the model with a l-foot-long transition piece. bfigure lk(a) the
frsmes from 1 to 13 correspond to constant throttling conditions and to
the minimum steady entering volume flow. After frame 13 regulation was
performed; the throttling was increased a very small amunt and then
kept constat. The fluctuations stsrted tiediately (frame 16 and fol-
lowing frsmes of fig. 14(a)). The frequency was so high that different

.
phases of the fluctuations appesr superimposed in each frae of the film.
In figure.lk(b) the results for a similar test when the long pipe was
attached to the model sre presented. The frames from 1 to 16 correspond-.
to the mimbnum steady entering volume flow and are identical to the
pictures presented in frsmes 1 to 13 of figure 14(a). After frame 16
the throttling was increased a very small amount and then kept constant.
The fluctuations started as in figure 14(a) but proceeded much more
slowly. The complete cycle ends at frsme ko. fi the”two cases the
cycles are different, but fluctuations stsrted in both cases when the
vortex sheet was at the.lip of the cowling.

All of the foregoing tests indicated that the explanation offered
was satisfactory. However, other possibilities still existed; for
exsmple, the slope of the pressure-recovery curve as a function of the
entering volume flow might be a factor in the onset of buzz. In the -
tests previously discussed the pressure recovery remained constant or
increased sllghtly as the ehtering volume flow decreased, until the buzz
stsrted, because as the volume flow,is being reduced the supersonic pres-
sure recovery does not change noticeably when the vortex sheet is outside
the cowling, whereas the subsonic recovery increases because the velocity
in the subsonic diffuser decreases. When the vortex sheet go$s inside

. the cowling, it could be expected that if buzz did not occur the pressure
recovery would tend to decrease because the supersonic pressure recovery
decreases. The chsnge, however, would be gradual, and the vslue of the.
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slope of the pressure-recovery”curve, if buzz did-not originate, would
change only slightly. Naturally, when the buzz starts, an abrupt change .
in the pressure-recovery curve will hmediately follow.

In order to determine whether buzz can be originated only by a
change in sign of the slope of the pressure.recoiery ctive, independently

——

of’the position of the vortex sheet, the following test was performed: -
An inlet having a 30°-0.907 central body @.cowlir@ C was tested at
a Mach number of 1.9. The inlet configuration was tested at a cowling-
position psrsmeter (lZ= 51055’. Shadowgiaphs of this inlet are shown
in figure 15. For this configuration, the internal contraction was too

—

large to permit supersonic flow @ the entrance, and, therefore, a
strong shock occurred in front of the inlet even for the condition of
mmdmum entering volume flow. For the cowling-positionparameter
selected, the vortex sheet was well inside the inlet (fig. 15(a)). For
this case the Mach numbers”of the two layers entering the cowling ere
the same as for the other inlets having 30° cones for the sane free-
stresm Mach number; howevqr, the ratio of the sizes of the stream tubes
of high-velocity and low-velocity air is quite different.

..
Therefore,

..

as was shown in the preceding analysis, the cross section where the low-
velocity strea can produce separation is much larger than the criticel.
section. For the condition presented in figure 15(a), when the hQh-
velocity stream has a Mach number M3 =.0.83, the low-velocity stream at
the same static pressure.has a Mach number of 0.63. The ratio a2/al
of the two streems as determined from measurements is 3.3. The low- .

velocity streem is small but not infinitesimal, and, therefore, the
increase in pressure along the diffuser is more gradual. For exsmple,
when the Mach number of the low-velocity stream M5 is equal to 0.20, s“

corresponding to”a compression ratio (without losses) of 1.27, the Mach -
number of the high-velocity stresm M6 i~ equal to 0.s6. At this sta-
tion, the area of the diffuser is equal to 1.52 times the area of the
stresm tube behind the shock as compared to an erea rat~o.of 1.21 for
the condition of the vortex sheet at the lip of the cowling; therefore,”
it 1s unlikely that separation would produce.choking, g.ndregulation of
entering volume flow with stable conditions should, therefore, be possi-
ble. At the ssme time, the supersonic press~e recovefi should decrease “.
noticeably as the entering volume flow is decieased. ‘Testsshowed that :
stable regulation of entering volume flow was.~possiblein spite of the
positive slope of the pressure-recovery curve. Some shadowgraphs for
different values of entering volume flow are shown in figures 15(b) and
15(C). All the shadowgraphs correspond to steady-flow conditions. The
measured value of the pressure recovery at each condition is also given
in figure 15.

In order to verify further the proposed fiechanismof buzz and at
the same time to obtain some indication of >he possibility of obtaining

.-
●

larger stable entering-volume-flowregulation, another test was performed
with a special’inlet design. In the explanation given, it was assumed

●

Qli@xmc&..—-
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that the two layers of dflferent-entropy air
that the vortex sheet could be considered as
in reality, turbulent mixing must occur in a

15

did not mix and, therefore,
a dividing line. However,
region nesx the disconti-

nuity, w&h will tend to increase locslly”the’velocityof the layer
ha- lower veloclty. Significant mixing of the two layers would be
expected only if the mixing region were of appreciable length snd the
thickness of the low-velocity layer small. Based on these considera-
tions, an inlet was designed with the following characteristics:

b order to obtain mixing before separation, a long channel with
a very low diffusion angle was inserted upstresm of the station where
separatiofiwas expected. The diffuser design ysed is shown in fig-
ure 16. For this inlet design at a free-stream Mach number of 1.9,
when the vortex sheet meets the lip of the cowling, the srea ratio of
the diffuser between the station at the lip of the cowling and the sta-
tion 3 inlet diameters downstream corresponded to an isentropic com-
pression ratio of only 1.02. Because of the presence of boundary layer,
the pressure gradient along the diffuser must be less than the calculated
value; therefore, separation was not expected to occur in this psxt of
the diffuser. At the same time, because of the long mixing region, it
was expected that the velocities of the two layers would tend to become
more uniform, increasing the stability of the low-velocity layer.

The effect of mixing, however, till be effective only for a rela-.
tively thin low-velocity lsyer and will be limited to the region nesr
the vortex sheet. When the thiclmess of the low-velocity layer

.- increases, mixing will not change the velocity in the flow nesr the
surface of the cowling, ~d seps.rationwill still occur.

●

Tests were performed on the inlet described, snd it was found that
the vortex sheet could enter the cowling without fluctuations (fig. 17).
As the volume flow was further reduced, however, a point was reached

“ where fluctuations stsrt. Figure 17(c) shows the minimum stable volume
flow for this configuration before fluctuations. For the configuration
presented in figure 16, a reduction of minimum stable volume flow of
about 16 percent, as compared tith the minimum stable value measured
for the condition of the vortex at the lip, was measured. A similar
result was obtained for the sane cone s.ndcowling”and f31= 48Q12’.

Inlets with Separation on the Centrsl Body

In the tests previously discussed, no separation was present at
the surface of the central body. When the cone angle of the central
body was decreased sufficiently for separation to occur on the centrsl.
body, the stsrting condition of the fluctuation phenomenon appesred to
be different, as buzz started before the vortex sheet previously con-

. sidered entered the lip of the cowling. Tests of this type of inlet

~zAL :--_ ...&



16 ~w NACA RM L50K30

showed that the process of starting the fluctuations was different.
However, the immediate cause of the onset of fluctuations was again
related to the presence of a velocity discontinuity nesr the lip of the
cowling which produced.separation at the inside surface of the cowling
in a station of the diffuser where separation can produce choking.

Consider, for exsmple, an inlet as shown in fi&re 18 having a
cowling F and 250.1.1 central body. This inlet was tested at a free-
stream Mach number of 2.7o at ez = 34032’. For this condition the inlet
had no internal contraction and started as shown in the shadow photo-
graph (fig. 18(a)). When the inlet was throttled in order to reduce the
entering volume flow, the strong shock moved toward the cowling entrance
and separation on the central body moved upstrean, producing a lsmbda
shock as shown in figure 18(b). Because of the formation of the lsmbda
shock, the pressure recovery increased with respect to the pressure-
recovery for the condition of figure 18(a) (reference 4). The pressure
recovery corresponding to the shock configuration in figure 18(b)
was 0.53. As the throttling process was increased still further, the
labda shock continued to move forward as shown in figure 18(c), and
the pressure recovery increased to aval.ue of 0.55. Figure 18(c) corre-
sponds to the condition of minimum stable volume flow. If the throttling
process was continued beyond the vslue corresponding to the shock pattern
shown in figure 18(c), fluctuations stsrted. The possible reduction of
stable flow in the presence of separation was much less than for the
condition in which separation did not exist on the surface of the central.
body. The vortex sheet from the intersection of the conical shock with
the strong shock was still outside the entrance of the cowling; however,
the reason for the start of fluctuations was the ssme as for the case
without separation on the surface of the central.body, A vortex sheet .
originates at the intersection of the two legs of the @.ubda shock,
producing two layers having different stagnation pressures hside the
inlet.

The aerodynsmjc phenomena of figure 18(c) are presented schemati-
tally in figure 19. At the point A a vortex sheet srises from the
intersection of the two legs AB” and AC of the lsmbda shock. The
shock AB is generated by the separation (5) at the point B. The
point D“ is the Intersection.of the strong shock from A with the
stagnation streamline of the cowling. The td+L press~e in the stream._.
tube through AC is different from ”the”tdxl yressure tithe stream
tube through AD; therefore, two layers of fluid having different Mach
minbers but the ssme static pressure enter the cowling. For the shock
pattern shown in figure 18(b), the Mach number behind AD is about 0.58,
wherea,sbehind AC the Mach nuniberis 0.82;therefore, when a compres-
sion ratio of about 1.26 occurs, neglecting mixi~~d..viscous effects,
the stresm tube downstresm””of ~“ is at rest;’while th~ stream tube AC
has a Mach number of 0.55. Now, if the stream tube AD is large, as
for the case qhown in figures ~8(a) and 18(b), a lerge pressure rise

.

.
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along the diffuser is obtained only tith a lsrge increase of the stream-.
tube area; therefore, separation occurs far downstream in the diffuser
at a station where the cross-sectional area El? of the stresm tube
CD = AD + AC is much I=ger than the critical srea. In this case,
separation camot produce choking. When the stream tube AD tends to
zero, however, a large pressure rise along the diffuser can be obtained
with much less increase of the stream--tubeerea, ~, therefore, the
srea EF where separation occurs decreases and approaches the critical
area. Then the seD~ation, producing a l.ergereduction of effective
area, produces choking and can stsrt the fluctuations.

In this example, when the stream tube AD approaches zero, the .
Mach number at GF for a pressure rise along the diffuser corresponding
to zero velocity at EG fs equal to 0.55. For the condition being con- “
sidered, the area EF is only 25 percent above critical, so that the
separation at E can choke the inlet and start the fluctuations. The
viscous effects raise the Mach number in GF corresponding to zero
velocity in EG, increasing the likelihood,of chcking. The lower lhit
for stable conditions occurs when the vortex sheet produced-by the
lambda shock at A nmves from well inside the cowling, as in figure 18(b), “
taa position new the lip of the cowling, as in figure 18(c), reducing
the.size-of the stream tube All to values a~roaching zero.

It thus appesrs that the separation from the-central body is not.
the direct cause of the fluctuations, but the separation does initiate
the process which produces buzz. The separation on the central body

. depends somewhat on the internal configuration of the inlet; therefore,
the starting of buzz is sffected by the shape of the s,ubsonicdiffuser.
b these tests, however, such an effect seemed small, - the most
tiportant parameters still appeared to be the cone angle.and the cowling-
position parameter.

In figure 20 another inlet configuration having separation on the
central body is shown. The inlet consisted of cowling C and central
body 250-1.1 located at an angle 19z= 33°14’ with.respect to the lip
of the cowling. The vortex from the lambda shock may be seen in
figure 20(b).

If separation from the surface of the central body were eliminated
by removal of the boundary layer, the fluctuation phenomenon would stszt
as discussed for the case’of no separation. In ord~r to find the effect
of boundary-layer removal, inlets were tested with and without a
boundary-layer removal slot on the centrsl body. A result-of such tests
is presented in figure 21. The inlets consisted of cowling E and
central bodies 30°-1.10 and 30°-300-1.10 suction (without and with.
lxmndsry-layer removal, respectively), which were located at ez . 380@’.
Figure 21(a) corresponds to the minimum volume-flow condition for the

● inlet without boundary-layer removal. The separation from the centrsl
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body, which was unstable, did not petit volume-flow regulation. When
boundary-layer removal was introduced, as shown in figures 21(b) and
21(c), the separation from the central body was eliminated, and regula-
tion of volume flow was possible. The shadowgraph in.figure 21(c)
corresponds to the’condition of ~mum entering volume flow before
fluctuations. For this case the voktex sheet produced by the inter-
section of strong shock and the conical shock is at the lip of the
cowling.

The

.

Regulation of Entering Volume

at Angles of Attack

In the &receding sections, the minimum stable

Flow

entering volume flow
as a fu.nctio~of the-inlet codiguration has been discussed for inlets
at zero-angle of attack. b flight, however, a large angle-of-attack
range may be required, and a few tests were, therefore, made on four
configurations at Mach numbers of 1.9 md 2.7 to studj the effect of
angle of attack on the value of the minimum stable entering volume flow.

When an inlet is operating at an angle of attack, the boundtiy
layer tends to collect on the upper side of the centrsJ l@y; sepsxation
also tends to occur there because of the cross-flow component normal to
the axis of the inlet. Separation is thus especially likely on the
upper surface. In addttion, the conical field about the central body is
distorted, so that it is not alined @th the axis of the inlet. These
effects change the amount cf mintium entering volume flow with respect-
to zero angle of attack because the position of thevortex sheet changes
relative to the lip of the cowling, and the hck of axial symmetry makes
anslysis more difficult. However, the results of the few tests performed
indicate that the effect of the angle of attack tends to reduce both
maximum and minimum values of entering volume flow, so that the angle-
of-attack condition seems less-critical with respect t~ the possibility
of obtaining the volume flow required by the engine without buzz than
does the case of zero angle of attack.

Some of the angle-of-attack results are shown in figures 22 to 24
for Mach numbers of 1.90 and 2.70. ~ figure 22 shadowgraphs are shown
for an inlet having cowling D and central body 30°-0..90’7located at an
angle 92 = 45°46’ with respect to the cowling lip. The tests were
performed at a Mach number of 1.9 for an angle of attack of 9°. For
compslison, shadow picturee for zero angle of-attack at-the condition
of minimum entering volume flow sre also presented. F@re 22(a) shows” ~
a shadowgraph of the inlet for the condition”of ~“ entering volume
flow which was reduced from 0.87 for the zero-angle-of-&ttack case
to 0.85 for a = 9°. Figure 22(b) shows en inte&ediate volume-flow
condition and figure 22(c), the condition of minimum steady entering .<

-.~~.~.
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volume flow. Figure 22(d) presents the condition of minimum volume flow
. s.%zero angle of attack. As it appears from the shadowgraphs, the angle

of attack produced a strong dissymmetry of the flow field around the
cowling, and regulation was possible until the vortex sheet on the upper
side entered the cowling. The value of the minimum volume flow for an
angle of attack of 9° was 0.71, while for an angle of attack of zero iti
was 0.78.

Results of tests of another Wet at M = 1.9 and m = 8°30’ are
shown in figure 23. The inlet consisted of cowling E and central
body 300-0.8 at 82 = 46014’. Figure 23(a) shows the condition of maxi-
mum entering volume flow. The mintium stable entering volume flow for
an angle of attack of 8°30’ is shown in figure 23(b), while the minimum
stable volume flow for an angle of attack of.O0 iS shOw in figure 23(c).
In this case, as in the preceding one, the mintium-volume-flow condition
~orresponds to the position of the up~r vortex sheet at the lip. The
values of entering volume flow chmge similarly with angle of attack.
Design data for other caees with different cowling-position parameters
are presented subsequently.

Figure 24 shows a shadowgraph of an inlet havin
body and COW~Ilg

522°-1.20 central
B et am.glesof attack of 4° and 6 for the condition

of minimum steady volume flow. The minimum entering volume flow is
95 percentof the value at an angle of attack of OO. Both pictures show

. that when separation occurs on the central body, the lsnibda-shock
position is the determining factor in the starting of the fluctuations.

.

Expertiental Performance of Various Inlets

From the preceding discussion, it appears that the minimum steady
entering volume flow is essentially a function of the external geometry
of the inlet upstream of the entrance and is practically independent of
the cowltng shape, internal contraction, and subsonic diffuser, unless
special diffusers having great mixing lengths are used. However, an
analytical determination of the minimum steady volume flow is difficult
because it would be necessary to determine the subsonic flow behind the
strong shock in order to find the condition at which the vortex sheet
enters the cowling. Since the minimum steady volume flow entering an
inlet is am important parameter in estimating the performance of super-
sonic vehicles and selecting the inlet design, detailed test data at
Mach numbers of l.gO, 2.46, end 2.70 are shown for several inlet con-
figurations. These inlets had various cowling shapes and central bodies
located at various positions with respect to the cowling entrance.

. The data are presented in figures 25 to 62. From the explanation
given for the starting of the buzz, it can be seen that for a given
cone angle, Mach number, and angle of attack, the midnmm stable entering

m

~-m - _
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volume flow is a function only of the cowl~-positio~ parameter ~d 2S “i-
ndependent of the other geometrical’parsme~ers; therefore, all the .

experimental values of the minimum stable flow for a particular central
body, cone angle, and Mach number have beeg~resented,in th; sa&a&et~gure

--.--.

plotted as a function of the cowling-positionparsneter.
figures presented, a unique curve can be obtained from-the ewertientd.
points, and the scatter is of the order of’the precision of the measure-
ments, as expected. The maximum entering volume flow for supersonic
velocity at the entrance of the inlet for a given cone angle, Mach num-

,_

her, and angle of attack is slso a function only of the cowling-~sition
parameter. This value can be determined tti.oretical.lyand is given in
the figures by the upper solid curve. The maximum actually attainable
iS less than the theoretical when the inlet is chokedor has a detached ‘-’ ‘
shock at the lip of the cowling. The values of maximum volume flow
measured under such conditions (determined from shadowgraphs) sre
denoted by flagged symbols, to distinguish them from the values measured
with supersonic velocity at the entrance. ~or a given GZ ud i~et _- . .
configuration, the open symbol corresponds to the maximum measured ,
entering volume flow sad the solid symbol corresponds “tothe minimum
measured stable entering volume flow. The minimum stable volume flow
for inlets having separation on the central bo~ is less than for inlets
without sepsrationhavingthe ssme geometry; therefore, the curve of
entering volume flow as a function of the c~wling-positionparsmeter
changes slope when separation on the central body starts. .

h figures & to 62.the variation of entering volume flow as “a
function of the cowling-positionpm”ameter for the co~igurations having
minj.mumstable entering volume flow determined by the presence of sepa-

.*

ration on the central body is represented by a dashed curve that starts
from the lower solid curve, which represents the variation when separa-
tion does not exist. The experimental points also follow this curve
closely. All the volume-flow values given have been referred to the .
volume flow of the free-stream tube entering a disneter equal to the ,—
cowling-entrsnce diameter at the stream Mach ,nuber under..consideration;
therefore, the-volume flow is given as the ratio of the area of the

,

entering free-stresm tube to the sxea of.the entrance of the
cowling A~/A2.

-._.....——:-. .-

Another parameter of importance for supersonic-i~et design at
reduced mass.flow is pressure recovery; therefore, the measured pres-
sure recovery at minimum stable volume flow is ‘alsoplotted on a sepsrate
figure following the volume-flow data. Inasmuch as pressure recovery is
somewhat sensitive to cowling shape and subsonic “diffuser,separate
pressure-recovery curves have been drawn through the e~erimental point;
where necessary in order to avoid confusion.

In figures 25 and 26 ere
having 25°-cone-a&le central

1-.

presented results of tests of inlets
bodies at a free-stream Mach number of 1.90. .

~m”- “
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For lower vslues

a

of 13z,separation occurs on the central body and tizz
. starts because of the v&tex sheet from the lambda shock. The separa-

tion stsrts for ~Z = 40°. The results for an inlet having a boundary-
layer suction slot are also presented in the sane figure. Only one
suction-slot position was tested. For the range of ez tested between
eZ = 36026’ ad el = 3908’, separation was eliminated, and a brger
volume-flow regulation obtained. For lower values of el the suction
slot was too nesx the tip of’the cone, so that separation occurred
behind it on the centrsl body. l%romthese tests it appears that the
suction may be effective for inlets having small cone angles; however,
the position of the suction slot must be selectedby considering the
value of ez to be used. The measured values of pressure recovery for
the minimum stable flow for the same inlet configurations sre presented
in figure 26.

In figures 27 and 28 sre presented data at a free-strea Mach num-
ber of 1.9 for sm inlet having a 27.5° centrsl-body cone sngle. The
buzz stsrted for the condition of the vortex sheet at the lip of the
cowling. All the configurations tested were choked, but the vortex
sheet due to the intersection of the conicsl shock with the strong shock
was outside of the cowling for the condition of maximum entering volume
flow. The pressure-recovery values sre plotted in figure 28.

The characteristics of inlets having 30° central-body co~e sngles
. at a free-stream Mach number of 1.9 are shown in figures 29 and 30. For

all configurations tested the inlet was either choked (too ler~e an
internsl-contractionratio) or operated with a detached shock in front.
of the cowling lip (cowlings designed for higher Mach numbers). Conse-
quently, the msxinm.mvolume flow was less than the theoretical vslue.
For ez > ~“, because of choking effects the vortex sheet was slso
inside the inlet for the condition of maxhum enter% volume flow for .sll
configurations with the exception of the inlet having cowling D and a
centrsl.body 30°-0.80. The same was true for the inlet configuration
having cowling. D snd 30°-1.10 central body for ez between 44°30’
sad 4~. For these conditions, the minimum volume flow was less”than
the value corresponding to the condition of the vortex at the lip because
the low-velocity layer inside the cowling existed even for the condition
of msximum-volume flow snd had a finite cross section. Therefore, the
average Mach number of the stresm in the region where separation occurs
was lower, so that a lager reduction of flow was possible than for the
condition of the vortex sheet at the lip of the cowling.

For the lower values of ez, the curved part of the central body
extended shead of the cowling lipj therefore, the flow behind the initial
shock was not exactly conical, and the results cannot exactly be applied

. to conical inlets.

*
●
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In the s- figure are also presented the data on-an Wet having
a long subsonic diffuser (cowling D, central.body 300-0.8). For this *

configuration the ninimum stable entering volume flow was less than that
for the other inlets tested; the vortex sheet could enter the inlet with-
out cagsing buzz because of the long ~.Le@hj as was Pre@~slY dis-
cussed. The pressure-recovery values for all the 30° cone-angle centr~
bodies are given in figure 30.

—

Results for inlet configurations having 30° cone-angle central
bodies at angles of attack of 8°30’ and 9° are shown in figures 31
snd 32 and figures 33 and 34, respectively.

fi figures 35 to 38 are presented results for 35° and 40° cone-
sngle central bodies at a Mach number of 1.90. For the @o cone, the
Mach number on the surface of the cone was less than 1, so that the
theoretical maximum-flow curves could not be obtained from conicsl ,-
considerations.

The results of tests of inlets tested at a free-stream hfachnumber
of 2.46 are shown in figures 39 to 50.

In figures 39 and ko sre presented data on inlets having 25° cone-
sngle central bodies at a free-stresmllach number of 2.46.

The experimental results for inlet cm.figurations having a central- .

body conq angle of 27.5° are shown in figures 41 and 42. The minimum
stable volume flow was determined by sepsraticinon the centrsl body.

—

For the lower values of et, the curved part of the central tidy extended m
ahead of the central b~” extended ahesd of the inlet.

In figures43 and 44 are presented data for a 30° con.e-snglecentral
body at aMachnum&r of 2.46. For some of the configurations, sub-
critical conditions occurred for the condition of msximqm entering volume “
flow tid are denoted by the flagged symbols. Yor the lower values of 82
the minimum stable entering volume flow was determinedly separation from
the cone surface.

The results for the 35° and hOO central-body cone ariglesare given
in figures 45 to 48. For all.the maximum-flow conditions the entering
flow was subsonic. All mirdmum stable entering flow occurred when the
outside vortex entered the cowling.

In figures 49 and 50 sre shown the results of a modified double-
tiock central body. The ssme central body was tested with two cowlings
having dffferent entrance diameters, so that the inlets .srenot geometri-
cally similar externally, md, therefore, represent two different con- .

figurations. For these tests, buzz occurred when the outside vortex
sheet entered the cowling. Separation occurred on the central body for
these two inlet configurationsbut tended to remain localized. A

●
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In figures 51 to 62 are presented data at a free-stream Mach number0 , Of 2.70. Flow W pressure-recovery data for inlets having 25° cone-
angle central bodies are presented in figures 51 and 52, respectively.
For bxge values of E?z the external vortex sheet produces buzz, while
for the lower values of 13z separation occurred on the body. However,
for this condition, for the central bodies considered the curved part
of the bodies was ahead of the cowling entrance. The inlet having
cowlhg A and central body 25°-1.10 at ~z = 35°36! was choked and
the vortex sheet was inside the cowling for the condition of maximum
entering volume flow.

The performance of an inlet (cowling A and central body 25°-1.100S)
having a boundary-layer suction slot around the central tidy is also
shown in figure 51. The maximum volume flow for this configuration
occurred with subcritical conditions. At 81 = 35°28‘ the vortex sheet
was inside the cowling for the condition of maximum entering volume flow.

The results of tests on inlets ha- 27.5° central-body cone angles
are shown in figures 53 and 54. “The inlet configurations having
cowling A were choked, while for the inlet configurations having
-cowling C the curved pert of.the central body was outside the cowling
entrance for ezc 36°.

. In figures 55 and 56 are presented data for inlet configurations
hating 30° central-body cone angles at a free-streem Mach number of 2.70.
The inlet configurations for ez > 41° were choked and the vortex sheet

. was inside the cowling for the condition of maximum entering volume flow.
The value of the maximum entering volume flow for small values of ez
was less than the theoretical value because the curved part of the
central body was outside the cowling entrance. The value of the minhnum
stable entering volume flow was determined by the external vortex sheet
for 62 >39° while the minhum enter- for ez < 39° was determined
by the vortex sheet from the lambda shock.

The results for inlet configurations ham a 35° cone-angle central
body are shown in figures 57 and 58. For f3z= 46050’ the vortex sheet
was inside the cowling for the condition of maximum and minimum entering
volume flow. For sll the configurations tested a detached shock occurred
ahead of the cowling entrance. The curved part of the central body was
ahead of the cowling entrance for 62 = 42°501.

In figures 59 and 60 are shown the results of tests of a 40° cone-
sngle centrsl body. A detached shock occurred ahead of the entrance for
sll the nwd.mum-volume-flow conditions considered. The minimum stable
volume flow was determined by the external vortex.
For 197= 53°24’ the vortex sheet was inside the
tion of maximum entering volume flow.

*

c~ ---.

sheet at the lip.
cowling for the condi-
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The experimental results for an inlet having
body are shown in f@ure’s 61 and 62., These tests
mily to check the proposed reasons for buzz for

l!iACARM

a doub:e-shock
were ‘performed

.
L50K30

this type of configu-
rateion. The buzz started when the exterti”vortex sheet ‘enteredthe
cowling. —

An Application of the Results

The results of the tests giving the valfi~of the.minimum stable .-
entering volume flow as a function of the cowling-positionparameter ,.. .
have been cross-plotted as a function of .Macb”numberin figure 63. For
each given cone angle, the value of 92 selected was such that the
conical shock would be at the lip of the cowl@ at a free-stresm Mach
nuriberof 2.80. For this value of 92 the area of the minimum entering-
free-stream tube referred to the entrance area has been-plotted as q
function of flight Mach number. As appesrs from the ctives, the minimum
stable entering flow at each Mach number is a function of the centrsl- ,
body cone angle. The minhum value of stable flow.at each Mach number
was obtained for a cone angle of 27.5° or a 25°cegtral_body havl~.
boundary-lsyer suction.

.-

To illustrate the application of such Ifiets, the curve of required ‘
volume flow as a function of fli~t Mach number for a constant mintium
srea at the exhaust of the “nozzlesm.dconst~t fuel-air ratio &s been

.,-----.-.—

shown on the same figure. The pressure recovery used for this curve
.

corres~nds to an average value obtained for the inlet having 300-1.1 *
central body for the design vai.ueof Elz. The pressure recovery used
was 0.61 at M = 2.70 and 0.88 at M = 1.90.

F@ure 63 shows that the required volume flow can b.eobtained, for
exsmple, with a 27.5° or 30° cone without boundary-layer suction or with ““
a 25° cone having boundsry-layer suction. Moreover, a rem jet designed
for a Mach number of 2.8 can be efficiently operated with increasing
fuelyair ratio when the Mach number decreasesY- At a Mach number of 1.9
the minhmun volume flow for the 25° cone-angle centrsl body having
boundary-layer suction practically corresponds to the value needed for ... ,...
burning a stoichiometricmixture with a constant minimum exhaust area
fixed at the design conditions (M = 2.8).

At free-stream Mach numbers somewhat below 1.90 the flow becomes
subsonic for the cone angles investigated, so that volume-flow regula-
tion can probably be obtained as the vortex te?idsb disappear. This
possibility was shown in reference 1.

The cone angle of the
in determining,theminimum

●

centrsl body iS the most important parameter
value of stable volume flow at any Mach number

.

@~”-”””
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for a given design condition. T& minimum stable flow decreases as the
. cone sngle decreases, when separation on the central body is avoided.

From an analysis of the data presented it appears possible to
obtain steady-flow co~itions for a constant-geometry inlet in a Mach
number range. from M = 2.8 to the lowest value tested, M = 1.90, for
a constant minfmum exhaust area and for a constant fuel-air ratio. For .
cone angles between ~“ and 30° the fuel-air ratio csn be increased
when the Mach number decreases, with a corresponding increase in thrust.

CONCLUDING REMARKS

The aerodynamic instability of inlets having external compression .
has been investigated. The origin of buzz was found to be related to a
velocity discontinuity across a vortex sheet srising from a shock inter-
section. An analysis of the flow showed that the fluctuations stated
when the vortex sheet produced separation on the inner surface of the
cowling and choked the subsonic diffuser. The mechanism of this separa-
tion and choking process has been discussed.

When there was no separation on the central body, the vortex sheet
originated at the intersection of the conical shock end the strong shock.
ahead of the entrance W passed outside the entrance for msximum
entering’volume flow”. As the flow was reduced, the vortex sheet moved
inwsrd, end the fluctuations stsrted when it entered the cowling.

When separation occurred on the central body, a bmbda shock was
formed and another vortex sheet arose @m the intersection of the two
legs of this shock. This vortex sheet passed inside the entrance, ~
moving outward as the flow was reduced; the fluctuations stsrted when
the vortex sheet approached the tier surface of the cowling. For this
case the stable rsnge of regulation of entering volume flow was less
than for the previous case. When the separation and lambda shocks on
the central body were eliminated by boundary-layer suction, buzz was
sterted by the external vortex sheet, as in the previous case,

The minimum vslue of entering stable volume flow for a given cone
angle and Mach number was found to be a function of the cowling-position
paraneter and decreased when the cowling-position parameter decreased.
The stable range of regulation of volume flow was increased by the use
of a subsonic diffuser providing increased mixing of the two layers on
opposite sides of the vortex sheet.

● Both the maximum value and the minimum stable vslue of entering
volume flow decreased appreciably for angles of attack of approxi-
mately 9° at a Mach number of 1,9..
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For the purpse of obtaining design information, tests were COn-
ducted at Mach numbers from 1.90 to.2.70 on a number of nose inlets .

having VariOUS COWlln.g and centrsl-body shapes. Application of the _.
results to inlet design has been discussed. It MS been showm that
buzz can be avoided throughout the entire range of Mach numbers con-
sidered, even for the condition of constant minimum exhaust =ea.

Lsmgley Aeronautical Laboratory -.

National Advisory Committee for Aeronautics
Langley Field, Va.
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TABLE I

INTERNm COWLINGORDINATES.

[See fig. 8; sll dimensions in inches1

27

Station
x

o
.1
.171
.2

::47
.4

.9
1.0
4.0
4.2
5.0

I Cowling radius

A

0.75
●75
●75
●75
●75
●75
*75
●75
*75
.75
●75
.75
●75
.75
.75
.80

B c D

0.750
●757
.:;$”

. no
~773
.778
.785
.791
●797
.800
.800
.800
.800
.800
.800

0.750 0.750
.763 ● 773
.772 ,788
●775 .792
.787 .799
.792 .800
● 795 .800
.800 .800
.8!I0 .800
.800 .800
.800 .&o
.800 .MO
.800 .800
.800 ●W
.800
.000 :%

E

0.600
.623
.639
.646
.662.
.667
.675
.683
.687
.6go
.693
.696
.700
.800
.800
●800

F

0.TL8
●748
.770
.774
.792
.800
.800
.800
.8!30

:E
.800
.800
.&lo
.800
.&lo

.

-.

.

.
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Figure l.- VmiaMon or the ratio of the entering-free-stream-tube area
to cowlfng-entrance area as a function of MAch number.
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(a) Supercritical condition,
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(b) Subcritical condition.

Figure 2.- Aerodynamic phenunlerlaof supersonic inlets.
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Figure 3.- Typical example of fluctuation phenomena of superst
having external compression. Inlet having 300-0.8 central
cowling E for e~ = 42°9’ at M = 1.X. Motion picturef
64 frames per second.
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Strong shock
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Vortex sheet

/

coD.iCd shock

Ml = 1.9 ~

—. —

Figure 4.- Aerodynamic phenomena of an inlet having a 30° cone-angle
centralbody for subcriticalconditionsat. M = 1.90.
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Figure 8.- Central bodies tested. (All dimensions
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Vortex sheet
7

41

.

(a) No flow. (b) $=0.76.

Vortex sheet
7

(.) ~= 0.72.

.

.

Figure 9.-
Cowling

Shadowgraphs

(d) ~= 0.65;minimumentering

volumeflow.

~
L-67980

~f an inlet having 30°-1.10 central body and
Dat 19z= 43°54’ at M = 1.90 for different values of

entering volume-flow. ●
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(a) 62 = 41048’;+ = 0.53.
Al

(b) ez =42°s0’; G=0.6k

.

.

Al
(c) ’92= 45°;q=o.74.

Al
—= 0.79.
A2

~
L-67981

Figure 10.- Shadowgraphs of inlets having
cowling D for the condition of minimum
at each value of Gz at M = 1.90.

300-0. %)7 central body and
etable-entering volLM& flow
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.

*

(a) 30°-0.80central ti~; cowling E; (b) ZjOO-l.l-O central bodY; cowling Dj

Al
44048’;~=CL71.

Al

62 = e~ = 43054’; ~=
0.65.

.

.

.

.

Figure 11.-
subsonic
entering

(c) 30°-0.907 central body; cowling C;
Al

e~ = 4401’; —= 0.68”
%2

=s=-
L-67982

Shadowgraphs of inlets having different central bodies,
diffusers, and COWliWS for the condition of ~n~m
volume flow at M = 1.90.
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(a) 62 =
‘Al

44052’; ~= 0.65. (b) 92 =4602’;~=o.7.5.

(c) f%
Al

= 460%’; ~= 0.81. (d) ez
Al

= 48%; ~=o.88.

--5=””
L-67983

Figure 12.- Shadowgraphsof inlets having 35°-1.10 central body and
cowling F for the conditionof minimum stable entering volume flow
for various values of 9X at M . 2,4.6.

.
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.

(a) et =48033’;

Figure13.-

Al
—=
A2

0.62. (b) et =48053’; ~=0S65=
. ——

—— . ./

/. --
_-..-. —T:- ....-. .,$.: .-

—,. ” . :- . .

(c)
AI

el = 51°16’5 ~= 0.82.

~
L-67984

Shadowgraphsof inletshavingWe-1.185 centralbOdY *
‘cowlingF for the condition of minimum stable
for ~arioufitiues of ez at M = 2.70.

entering voluu& flow
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107203307’0
(a) l-foot, 2-inch-dismeter pipe

is inserted between model and
throttling valve.

(b) 25-foot, 4-inch-dismeter pipe
is inserted between model and
throttling valve’.

Figure 14.- Section of motion-picture film showing starting of fluctua-
. tions. Inlet having 300-1.10 central body and cowling B for ~~ . 42°

at M = 1.90.
~
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(a) ~= :=0.81.o.8g;
Al Pf

‘b) z=0.81; z=0”80”

(c) : =
Pf

0.32; —= 0.78.
PC)

=s?=
L-67986

Figure 15.- Shadowgraphs of an inlet having 30°-0.907 central body and
COWliIlgC with et = 51°55’ for different values of stable entering
volume flow at M = 1.90.
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o 10 20 3.0 = m
x,*

‘0 T 60

Figure 16.- Inlet having SOO-8 centralbody and cowlingD with OZ = 46°51’
at M = 1.90.
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.

.

0.90. (b) +=0.8L

(c) ~= 0.68;minimum stable

entering volume flow.

=@=

L-67987

Figure 17.- Shadowgraphs of an inlet having 30°-0.80 central body and.
COWli~ D with el = ~057’ for different values of sta,bleentering
volume flow at M = 1.90.
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(a) ~ = 0.94;~ = 0.51.
xl Pf

(b) — = 0.93;— = 0.53
.% PO

Pf
(c) ~ = 0.87; ~ = 0.55; mi~

stable entering volume flow.

Figure18.- S@dowgraphsof an inlethating25°-1.10centralbody and
cow- F with 02 = 3h032’ for differentvaluesof stableentering
volumeflowat M = Z!.i’O.
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conical

Ml = 2,70

StrOIM shock

. ,W

/“-’”
7“

shxk
- \_ —— —F

Separatedregkm

Figure 19.- Aerodytic phenomena f’orinlet having a7°-1.10 central
body and cowlingF with eZ = s4°s2’ at l.!= 2.’70.
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(a) *=0.90. (l)) ~= 0.77.

Fimre 20.- Shadow~aphs of an inlet having 2’5°-1.10central body and

‘cowling C with ‘ez-= 33°14’ for msximum and minimum entering volume
flow at M = 2.70. —
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(a) 30°-1.10centralbody; (b) 30°-300-1.10suction
AI

0.66;minimumentering
Al

—=
%2

centralbody;— = 0.76.
A2

volumeflowwithoutsuction.

(c) 30°-300-1.10 suction
central body; IIJlfim
stable entering volume

Al
flow; — = 0.60. -

%? L-67990

Figure21.-
without

Shadowgraphsof inletshaving30° centralbodieswithand
suctionand cowlingE with el = 38°k3’ at M,= 2.46.
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Al
(a) a = 9°; ~ = 0.85;

msximum entering volume
flow.

=$$;$:...-------?.-.......—._—----->-“ :-. -- G-.
—----- -- —. -.

Al
(b) a = 9°; ~ =0.77.

Al
(c) a = 9°; ~ = 0.71j

minimum ent=ring volume

flow .

Al
(d) a=OO; ~=o.78;

minimum entering volume
flow.

Figure 22. - Shadowgraphs of an inlet having 30°-0.907central body and
COWli~ D with ez = 45°46’ with differentvaluesof enteringvolume
flowat a=9° andOO at M=l.90.
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(a) a = 8030’;~ = 0.85; (b) a = 8030’;+ = 0.74;

msxhmn entering volume flow. minimum entertig volume flow.

-:-L::.z:.\””-,-.-, -.fl...-.=-—

(c) a = OO; ~ = ,0.81;

mintunm entering volume flow.

. Figure 23.- Shadowgraphs of an inlet having 300-0.80 central body and
COWling E with 6Z = 46°14’ with different values of entering volume
flow at u = 8°30’ and 0° at M = 1.90.
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(a) u =
Al

4°; 9~ = 395~1; —.
4

0.95.

71

Al
(b) a = 6°; Qz = 32025’; ~ = 0.95.

Figure 24. - Sbadowgraphs of an inlethaving a 220-1.20centralbody snd
cowli~ B for the conditionsof minimum stablevolume flow at a = 4°
and 6 atM= 2.70.
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Cowllng centrEdtxldg

Oc 25°-1.10
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—-.J-. —

kD 25°-250-1.10S
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35 ,’ 37 39 4/ 43 +5

Cow@-position parameter, e,,deg

Figure 25. - Volume-flow regulation of inletO having 25° cone-angle

central bodies as a function of the cowling-position parameter

at M = 1.$30.
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“ Figure 26. - Pressure recovery of inlets having 25° cone-angle central
bodies as a function of the cowling-position pa.rsmeter at M = 1.f30,

:.’

,:, :,:,

1’

l“”
* .% i’ -( q ,,,

; ,,
. .,,,

,,, ,,, ,,, ., ,. ,1,1 ,.4 i,, ,, ,,, ,, ..,11 ,,, ,,, ,,1 !!



,

Figure 27. - Volume-flow regulation of inlets having 27°30’ cone-angle
centralbodies as a function of the cowling-positionprame~er at
M = 1.$M. -1
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Figure 28. - Pressure recovery of inlets having 27°30’ cone-angle central

bodies as a function Of the cowling-position pemmeter at M = 1.$HI.
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Figure 29.. VOllmle-~lowregulationof inlets having 30° cone.a~e central
bodies as a function of the cowling-positionparureter at M = 1.9.



—.

40 42 4+ 46 +43

. . ‘Cowlingqmsitionparameter ez,deg

50 52

--a
m
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Figure 31. - Volume-flow regulation of inlets having 30° cone-mgle central
bodies as a functionof tb cowling-position~rsmeter for cc. 8030’
at ~ = l.g(l.
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Figure 32.- Pressure recovery of inlets bating 30° cone-angle central

bodies as a function of tk cowling-position parameter for a . 8°30’
at M = l.%.
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F@re 33.- Volm?m-Qow regulationof inlets having 30° cone-anglecentral
bcdies as a function of the cowllng-positionpwamekr for a = 9° a’t
M = 1.X.
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Figure 34. - Pressure recovery of inlets having 30° cone-anglecentral
bodies aa a function of the cowl~ng-~aition parameter for u . 9°
at ~ = l.~.
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Figure 35. - Volume-flow regulation of Inlets having 35° cone-angle

central bodies as a function of the cowling-position parameter

at M = 1.90.

iQ



1

--- I

/.0

.9

-a

cowling Cenbal kcdy

535/

Cowlhg-pwiticm parameter, e,,&g

55

Fi~e 36. - Pressure recovery of idets having 3S0 cone-a@e central
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Figure 37. - Volume-flow regulation of inlets having 4Q0 cone-angle
centralbodies as a function of the cowling-position~ameter
at M = 1.90.
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Figure k9.- Volutne-flow regulation of inlets having 25°-300-1.10 central

bcdy as a function of tlm cowling-position parameter at M = 2.46, -w
-1

/ ,,
,.,

i .,



—. . .

Ii
ii
i!—.
c

@

,9

d

,7

,6
I

Cowlhlg Cedxsl body

05
E

32 34 36 38 40 42 44

Cow-position psrsmder, el,deg

Figure W. - Fressure recovery of inlets hating 2s0-300-1. 10 central body

aa a function of the covlhg-pmition, waineter at M = 2.~.

i:

.“ L*,’ .

,.! i 1 ,,



. , *U ● 9

Cowliug Centxal bcdy

[0

.9

.8

0 ‘i
/

/
,7 0-

) [
/

.6

.5

.4
28 30 32 34 36 38 40

Figure 51. - Volunw-flow regulation of inlets having 25° cone-angle

central bcdies as a function of the cowling-position parameter
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Figure 54. - PreBsure recovery of inlets kmving 2F’30’ cone-angle central

bcxiies as a funct%on of the cowling-position pmmmeter at M = 2.70.
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